Cryptosporidium meleagridis is a common cause of cryptosporidiosis in avian hosts and the third most common species involved in human cryptosporidiosis. Sequencing of the highly polymorphic 60-kDa glycoprotein (gp60) gene is a frequently used tool for investigation of the genetic diversity and transmission dynamics of Cryptosporidium. However, few studies have included gp60 sequencing of C. meleagridis. One explanation may be that the gp60 primers currently in use are based on Cryptosporidium hominis and Cryptosporidium parvum sequence data, potentially limiting successful amplification of the C. meleagridis gp60 gene. We therefore aimed to design primers for better gp60 subtyping of C. meleagridis. Initially, ϳ1,440 bp of the gp60 locus of seven C. meleagridis isolates were amplified using primers flanking the open reading frame. The obtained sequence data (ϳ1,250 bp) were used to design primers for a nested PCR targeting C. meleagridis. Twenty isolates (16 from human and 4 from poultry) previously identified as C. meleagridis by analysis of small subunit (SSU) rRNA genes were investigated. Amplicons of the expected size (ϳ900 bp) were obtained from all 20 isolates. The subsequent sequence analysis identified 3 subtype families and 10 different subtypes. The most common subtype family, IIIb, was identified in 12 isolates, represented by 6 subtypes, 4 new and 2 previously reported. Subtype family IIIe was found in 3 isolates represented by 3 novel, distinct subtypes. Finally, IIIgA31G3R1 was found in 1 human isolate and 4 poultry isolates, all originating from a previously reported C. meleagridis outbreak at a Swedish organic farm.
H
uman cryptosporidiosis takes a significant toll on human health and is one of the most common causes of childhood morbidity and mortality in developing regions (1) . Globally, sporadic cases may cause debilitating disease in immunocompromised individuals, and outbreaks of cryptosporidiosis in immunocompetent individuals are regularly reported (2) (3) (4) .
Human cryptosporidiosis is mostly caused by the species Cryptosporidium parvum and Cryptosporidium hominis. Less common species include Cryptosporidium meleagridis. In Sweden, C. meleagridis is possibly the third most common species associated with human cryptosporidiosis and accounted for about 6% of the cases in a recent study, all representing imported cases (5) . In some parts of the world, C. meleagridis may even be as common as C. parvum (6) (7) (8) (9) .
C. meleagridis was first described in turkeys (10) . In 1999, Xiao et al. (11) amplified and sequenced the complete C. meleagridis small subunit (SSU) rRNA gene, and later Sréter et al. (12) combined the traditional classification methods with studies of host specificity and SSU rRNA gene sequence similarity to confirm its taxonomic status.
The first human cases of C. meleagridis infections were described in both immunosuppressed (13) and immunocompetent (14) individuals. While birds are the natural hosts of at least three species of Cryptosporidium, C. meleagridis so far remains the only species of Cryptosporidium known to infect two vertebrate classes (birds and mammals), including cattle (15) and humans.
The molecular subtyping of C. parvum and C. hominis to a large extent has relied partly or entirely on analysis of the singlecopy 60-kDa glycoprotein (gp60) gene, also known as gp60/45/15 (16) due to high genetic resolution. The gp60 gene was cloned and characterized by Strong et al. (16) and encodes a precursor protein, which is cleaved to produce mature cell surface glycoproteins (gp45/gp40 and gp15) implicated in zoite attachment to and invasion of enterocytes (17, 18) .
The first report on the gp60 subtyping of C. meleagridis isolates from humans and birds (19) used primers based on C. parvum and C. hominis gp60 sequences (16) . To date, seven subtype families (IIIa to IIIg) have been acknowledged (20, 21) (Table 1 ). The 5= end of the locus contains a variable tandem repeat region of the serine-coding trinucleotide (TCA/TCG/TCT), which is the primary target of the gp60 typing methods. The names of the gp60 subtypes start with the subtype family designation (IIIa, IIIb, IIIc, etc., for C. meleagridis) followed by the number of TCA (represented by the letter A), TCG (represented by the letter G), or TCT (represented by the letter T) repeats. A few subtype families also have one or more copies of the ACATCA sequence immediately after the trinucleotide repeats, represented by the letter R (22) . Thus, the name IIIbA23G2R1 indicates that the parasite belongs to C. meleagridis subtype family IIIb and has 23 TCA copies and 2 TCG copies in the trinucleotide repeat region, followed by 1 copy of the ACATCA sequence.
It appears that C. meleagridis has relatively low host specificity, and many of the subtype families have been found in both birds and humans; both anthroponotic and zoonotic transmission routes have been suggested (6, 23, 24) . Compared to studies on C. hominis and C. parvum, however, only a few studies have in- cluded gp60 subtyping of C. meleagridis isolates, and therefore still little is known about the host specificity and transmission dynamics of C. meleagridis. The number of C. meleagridis gp60 sequences in GenBank is low, and some subtype families (IIIc, IIId, and IIIf) are represented by single or few GenBank entries; furthermore, many sequences are short, and none of them cover the entire open reading frame (ORF) of gp60. In those studies where gp60 typing of C. meleagridis has been included, the outcome has varied from complete failure to a modest or high success rate (21, 23, (25) (26) (27) , which may be due to the existence of genetic diversity in primer annealing regions. Therefore, the aim of this study was to design and apply a new set of primers for sensitive amplification and successful sequencing of the C. meleagridis gp60 locus.
MATERIALS AND METHODS

Samples.
The DNA extracts from 20 C. meleagridis-positive fecal specimens were included in this study. Twelve of the isolates originated from a previous Cryptosporidium study in the Stockholm County (5), one human and four poultry isolates were associated with an outbreak at a Swedish organic farm (23) , and three isolates came from an ongoing Swedish genotyping study (Table 1 ). All samples were originally found positive for C. meleagridis by restriction fragment length polymorphism (RFLP) analysis and/or sequencing of SSU rRNA gene PCR products (11, 28) . Genotype information was not available for all isolates since only some PCR products had been sequenced. However, all isolates sequenced belonged to genotype 1 as defined by Glaberman et al. (19) . Apart from the samples stemming from the outbreak, all samples were from patients with a history of traveling immediately prior to testing (Table 1 ). In addition, seven C. hominis and seven C. parvum isolates previously subtyped at the gp60 locus using published gp60 primers (17) ( Fig. 1 ) were amplified using the primers employed by Power et al. (29) , only slightly modified, outFmod (5=-CAC ATC TGT AGC GTC GTC A-3=) and outR (5=-TCC TCA CTC GAT CTA GCT CA-3=). The obtained sequences (ϳ1,250 bp) covering the entire ORF ( Fig. 1 ) plus some 300 extra bases were used to design primers for a nested PCR targeting the C. meleagridis gp60 gene. PCR amplification of all isolates was performed using the primers CRSout115F (5=-GAT GAG ATT GTC GCT CGT TAT C-3=) and CRSout1328R (5=-AAC CTG CGG AAC CTG TG-3=) for primary reactions and ATGFmod (5=-GAG ATT GTC GCT CGT TAT CG-3=) and GATR2 (5=-GAT TGC AAA AAC GGA AGG-3=) for secondary reactions (Table 2) ; the expected PCR products were ϳ1,100 and ϳ900 bp, respectively. Nested PCR was carried out in a total volume of 20 l containing 10 l of Maxima hot start PCR master mix (Thermo Scientific), 1 l of each primer (10 pmol/l), 1 to 2 l of extracted DNA, and nuclease-free water. For the secondary PCR, 1 l of the primary PCR product was used. Reaction conditions included an initial denaturation of 95°C for 4 min followed by 35 cycles of 95°C for 30 s, 60°C for 30 s (primary PCR) or 58°C for 30 s (secondary PCR), and 72°C for 1 min followed by a final extension step at 72°C for 7 min.
Amplified DNA was purified using ExoSAP-IT (Thermo Fisher) and subjected to bidirectional sequencing (BigDye chemistry; Applied Biosystems) using the primers employed in the secondary PCR. Phylogenetic analysis. Sequences were edited and analyzed using the BioEdit sequence alignment editor (version 7.0.9.0). The obtained sequences were aligned with each other and compared with sequences downloaded from the GenBank database using the NCBI Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/blast /Blast.cgi). The subtype families and subtypes were named using the established gp60 subtype nomenclature (9, 20, 22) . Moreover, sequences assigned to identical subtypes but with differences in the nonrepeat region were distinguished by lower case letters starting from "a"; lower case letters were then assigned to sequences in chronological order, so that "a" represents the first reported variant of a given subtype.
To enable optimal resolution in the phylogenetic analysis, shorter gp60 sequences were not included in the analysis. This means that subtype family IIIc was not included in the alignment, since it is currently repre- sented by only two relatively short sequences (566 bp or less) in GenBank (Table 1) . Similarly, due to the brevity of the single IIIf sequence currently available and since we cannot rule out the possibility that this sequence may represent a sequence artifact (see below), this subtype family was not included either.
The alignment was edited manually, and regions of ambiguously aligned bases were deleted. Evolutionary analyses were conducted in MEGA6 using the neighbor-joining and maximum likelihood algorithms (30) .
Prediction and analysis of protein sequences. ORFs were predicted using the ORF Finder at the NCBI database (http://www.ncbi.nlm.nih .gov/gorf/gorf.html). Signal sequence prediction was performed using SignalP 4.1 (www.cbs.dtu.dk/services/SignalP/). Nucleotide sequences were translated and N-glycosylation sites predicted using the translation tool and PROSITE database, respectively, at the ExPASy Bioinformatics Resource Portal (http://web.expasy.org/). O-glycosylation sites were predicted using NetOGlyc 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/). Furin proteolytic cleavage sites were predicted using the ProP 1.0 server available at http://www.cbs.dtu.dk/services/ProP/. Deduced amino acid sequences were aligned using the MUSCLE algorithm in MEGA6 (30) or the T-Coffee program (http://www.ebi.ac.uk/Tools/msa/tcoffee/) available at the site of the European Bioinformatics Institute and manually analyzed.
Nucleotide sequence accession numbers. Nucleotide sequences were deposited in GenBank under the accession numbers KJ210605 to KJ210621.
RESULTS
PCR amplification, primer applicability, and sequence analysis.
Nested PCRs performed on DNA from the 20 C. meleagridis isolates generated PCR products of ϳ900 bp clearly visible on agarose gel electrophoresis. Nineteen of the isolates became positive after using 1 to 2 l template in the primary PCR, while 1 poultry specimen with a low number of oocysts (50 oocysts/g feces) became positive only when a larger template volume (3 to 4 l) was used. Twelve of the 14 C. hominis/C. parvum isolates previously characterized at the gp60 locus also generated bands of the expected size (data not shown).
The subsequent sequence analysis was successful for all 20 C. meleagridis PCR products, and 3 subtype families (IIIb, IIIe, and IIIg) were identified (Table 1; Fig. 2 ). The most common subtype family, IIIb, was identified in 12 human isolates and comprised 6 distinct subtypes, 4 novel (IIIbA19G1RI, IIIbA21G1R1 variants a and b, IIIbA23G1R1 variants a and b, and IIIbA23G2R1) and 2 previously reported (IIIbA22G1RIc and IIIbA26G1R1b). As seen, 2 of the novel subtypes, IIIbA21G1R1 (n ϭ 2) and IIIbA23G1R1 (n ϭ 2), had nucleotide sequences that differed from each other by 2 and 10 bases within the region downstream of the trinucleotide repeat region, respectively, and were therefore assigned to different subtype variants by lower case letters (a and b; see above). Some of these nucleotide differences resulted in nonsynonymous substitutions (see Fig. S1 in the supplemental material). Subtype family IIIe was found in three human isolates, each of them representing a distinct subtype (IIIeA17G2R1, IIIeA19G2R1, IIIeA25G2R1), none of which had been reported before. Finally, the same IIIg subtype, IIIgA31G3R1, was found in one human isolate and four poultry isolates.
Phylogenetic analysis of C. meleagridis subtype families. The phylogenetic analysis of the C. meleagridis study and the reference sequences revealed four distinct clusters (Fig. 2) . GenBank sequences JQ349257 to JQ349260, originally designated IIIf to IIIi (25) , clearly clustered with IIIg. Moreover, IIIa clustered on a long branch within the IIIe cluster rather than emerging at the base, and so IIIa might be interpreted as a specific variant of IIIe. Distinct clustering of IIIg and IIIeϩIIIa was supported by high bootstrap values.
It is important to note that some of the genetic diversity existing in the sequences included in the sequence analysis is not reflected in the phylogeny (Fig. 2) ; this is due to the fact that the repeat region was not included in the analysis for obvious reasons and also to the fact that some of the reference sequences used in the phylogeny were shorter than the sequences generated in the present study, and hence a region of genetic variation in the 3= end of the sequences was not included in the alignment.
Analysis of C. meleagridis amino acid sequences.
This study is the first to present sequences covering the complete ORF of C. meleagridis gp60/45/15. The amino acid sequences deduced from the seven complete sequences (Fig. 1) were somewhat shorter than the C. parvum sequence generated by Strong et al. (16) : while the locus spans 330 amino acids (aa) in C. parvum, it spans only 290 aa in SC071 (IIIbA23G1R1a) (Fig. 1) .
Compared to C. parvum, the N terminus containing the signal peptide cleavage site was relatively conserved (Fig. 1) , while the region downstream of the serine tract was hypervariable and generally substantially shorter in C. meleagridis than in C. parvum.
A few amino acid residues appear to be clearly specific for certain subtype families. For instance, the two IIIa sequences have Phe (F) and Ser (S) at aa positions 126 and 128, respectively (see Fig. S1 in the supplemental material). Likewise, Asp (D) at position 90 (see Fig. S1 ) was "diagnostic" for IIIg, and all isolates belonging to IIIb shared Thr (T), Ser (S), Gly (G), and Glu (E) at positions 53, 57, 68, and 69, respectively (see Fig. S1 ). However, substantial intrasubtype family diversity is seen, for instance in IIIb ( Fig. 1; see also Fig. S1 ), agreeing with observations for other subtype families, such as C. parvum IIc (31, 32) . Moreover, some amino acid residues are seen only sporadically and inconsistently across several subtype families, e.g., Ala (A) at position 26 (see Fig.  S1 ) in GenBank accession numbers AB539721 (IIIeA20G2R1), AB539717 (IIIeA20G2R1), and AF401499 (IIIaA24G3R1a) and in Swec052 (IIIbA23G2R1), and likewise, 3, 11, and 3 sequences belonging to IIIe, IIIg, and IIIb have Lys (K) at position 153 (see Fig.  S1 ). Another example is GenBank accession number JQ349259 (IIIgA24G3R1), which does not share the Lys (K) at position 97 (see Fig. S1 ) shared by the other sequences belonging to IIIg and IIIb.
The chimeric appearance of, for instance, subtype family IIIa supports the existence of hybrid genes previously described by Strong et al. (16) and Leav et al. (33) and derived by recombination (data not shown).
A predicted N-glycosylation site, NDTA ( Fig. 1 ; see also Fig. 1  in the supplemental material) , was present in all sequences apart from GenBank accession number AF401500 (IIIaA24G3R1b). Another N-glycosylation site, NASE ( Fig. 1; see also Fig. S1 ), was present in the majority of the isolates. The presence or absence of N-glycosylation sites was not conserved within subtype families, a finding that is in contrast to the observations by Leav et al. (33) and for which the implications are unclear.
DISCUSSION
Primer applicability. For the present study, we designed highly applicable primers for typing of C. meleagridis and almost doubled the number of gp60 sequences available for analysis of the intraspecific diversity in C. meleagridis. The gp60 genes from all C. meleagridis DNAs tested in the study might be successfully amplified and sequenced using the primer pairs designed for the nested PCR. Incidentally, the primers successfully amplified gp60 genes from a variety of strains representing several subtype families of C. hominis and C. parvum.
Previous attempts to type C. meleagridis using the gp60 gene have often failed, and this may be attributable to the fact that the primers used were originally developed based on C. parvum and C. hominis sequences. For instance, attempts to PCR amplify the gp60 locus of the 20 C. meleagridis isolates included in the present study by the commonly used primers AL3531 and AL3535 for primary PCR and AL3532 and AL3534 (Table 2) for secondary PCR (17, 19) failed. Moreover, our IIIg isolates could not be amplified using the primers recommended for the subtyping of C. meleagridis by Glaberman et al. (19) . Given the extensive intraand interspecies genetic diversity in the gp60 gene already highlighted by Strong et al. (16) , it is hardly surprising that primers based on the nucleotide sequences from some species may not work well with those of other species for this locus. Indeed, the commonly used AL3534 primer has six mismatches to the sequences of the three C. meleagridis subtypes included in the present study, and most other previously published primers have one to four mismatches ( Table 2 ). The PCR product obtained with the primers of Sulaiman et al. (22) is so short (ϳ300 bp for C. meleagridis) that successful subtype calling may be difficult.
Therefore, in the current study, we developed new primers based on seven C. meleagridis nucleotide sequences representing subtype families IIIb, IIIe, and IIIg for the first nested PCR. In the present study, no isolates representing IIIa, IIIc, and IIId were available for testing. Moreover, in silico analysis of the target regions of both the outer and inner primers was not possible for these three subtype families, since IIIa, IIIc, and IIId sequences currently available in GenBank do not cover primer regions. For now, we can conclude that the primers successfully amplify the common subtype families IIIb, IIId, and IIIg, and since they also amplify many subtype families of C. hominis and C. parvum, we expect ample sensitivity for C. meleagridis in general and therefore recommend using the present assay for C. meleagridis typing. The assay is expected to be robust, since all C. meleagridis isolates available were successfully subtyped, and sequence data sufficient for calling of subtype variants were obtained.
C. meleagridis nomenclature. Some issues and limitations in the current C. meleagridis nomenclature can be identified. To date, there are indications of at least nine subtype families (IIIa to IIIi) in C. meleagridis (20, 21, 25) . As already indicated, the IIIf subtype family is only represented by one sequence, GenBank accession number EU164813. This sequence is relatively short, and translation of the sequence results in an amino acid sequence which is notably different from those seen in other subtype families (data not shown). While clearly overlapping with IIIe, it has amino acid inserts/substitutions in the shared conserved regions of both C. meleagridis and C. parvum; moreover, a stop codon is noted at aa position 68 after the polyserine tract, and we cannot rule out the possibility that the sequence is an artifact.
GenBank sequences JQ349257 to JQ349260 were originally designated IIIf to IIIi by Abal-Fabeiro et al. (25) . In our hands, however, all four sequences belong to IIIg as visualized by phylogenetic and amino acid analyses ( Fig. 2 ; see also Fig. 1 in the supplemental data).
So far, only two sequences have been designated subtype family IIIa (GenBank accession numbers AF401499 and AF401500) (Table 1; Fig. 2 ). The phylogenetic analysis gives high bootstrap support for IIIa clustering with IIIe, and IIIa might be interpreted as a variant of IIIe (see above). Only two GenBank sequences are available, one from a turkey and one from a human; hence, so far there is no indication of strict host specificity for IIIa that might justify the separate subtype family designation. However, due to the existence of a few IIIa-specific single amino acid polymorphisms, for now we recommend maintaining the IIIa term, and so we find it reasonable to distinguish between subtype families IIIa, IIIb, IIIc, IIId, IIIe, and IIIg. The revocation of a subtype family (in this case IIIf) is not unprecedented; for instance, the term Ic has been renamed IIc (17) , and Ic is now considered an invalid subtype family.
The current nomenclature for gp60 subtyping where different subtypes within one subtype family are named after the number of trinucleotide repeats does not distinguish between differences in the nonrepeat region. Subtype variants of IIIbA23G1R1 sequences in our study differ by at least 10 synonymous and nonsynonymous postrepetitive single nucleotide polymorphisms. Some subtypes of C. parvum, e.g., IIdA20G1, differ in the nonrepeat region, and a lower case letter is used for differentiation, hence IIdA20G1a, IIdA20G1b, IIdA20G1c, IIdA20G1d, etc. (22) . A similar system might be applicable to certain C. meleagridis subtypes as well. We have therefore included lower case letters where enough sequence information was available to enable distinction between different sequences belonging to the same subtype (Table 1) . Importantly, our newly developed subtyping assay produces amplicons of ϳ900 bp, and so it is possible to study the downstream genetic diversity of the gp60 locus in C. meleagridis, holding promise for future molecular epidemiological studies.
Host specificity and geographical distribution of C. meleagridis subtype families. Of the 20 isolates included in the present study and originally detected in Sweden, 5 IIIg isolates were with certainty of domestic origin, indicating zoonotic spread of C. meleagridis IIIg in endemic areas in Sweden: subtype IIIgA31G3R1 was found in 1 human and 4 poultry isolates, all originating from a previously reported C. meleagridis outbreak at an organic farm (23) . All IIIg sequences from this outbreak were 100% identical to each other but differed from the IIIg subtypes recently reported from humans in Spain and the United Kingdom and from poultry in Algeria (21, 25) (Table 1 ). The Swedish outbreak samples were previously sequenced at the SSU rRNA and heat shock protein 70 (HSP70) loci and found to be identical there as well (23) . Hence, the results from the present study confirm zoonotic transmission in that study.
Subtype family IIIb has been found more or less worldwide, although the cases identified in Europe have contracted infection outside Europe, mainly in Asia (Table 1) . Subtype IIIbA26G1R1b found in a person infected in Africa had previously been diagnosed in an HIV-positive patient from China (27) , while another variant of this subtype, IIIbA26G1R1a, was found in an HIV patient from Kenya (19) . Four of the Swedish patients who had traveled to India or Thailand prior to infection carried subtype IIIbA22G1R1c. The same subtype variant had previously been detected in an English patient, probably infected in India (25) . A second variant of this subtype, IIIbA22G1R1b, was reported from a human infected in Japan (34) , and, finally, a third variant, IIIbA22G1R1a, was found in turkeys from the United States (19) ( Table 1) .
Our three patients infected with various IIIe subtypes had all been visiting countries in Asia. The previous reports concerning this subtype family also originated from Asia: human infections from Japan and China and infected cockatiels from Japan (27, 34, 39) . It has also recently been reported from cattle in China, highlighting the wide host range of this subtype family (15) ( Table 1) .
In conclusion, a robust and sensitive subtyping assay for C. meleagridis of high genetic resolution that should enable detailed epidemiological studies of the third most common cause of human cryptosporidiosis is now available.
